The photoelectron spectrum of HCCO Ϫ at the photodetachment wavelength of 355 nm is reported. A theoretical model for the simulation of the photodetachment process is described and the influence of various parameters is discussed. The experimental spectrum is compared with the simulation and an assignment of the spectrum is given.
I. INTRODUCTION
The HCCO radical is of great interest in combustion chemistry because it is a key intermediate in the oxidation of small hydrocarbons such as acetylene. Spectroscopic information has been limited to a handful of experiments, none of which has adequately characterized the Renner-Teller interaction of the two lowest-lying electronic states. In this paper, theory recently developed to describe the Renner-Teller effect in tetra-atomics in combination with the Franck-Condon principle is used to compute the photoelectron spectrum of HCCO Ϫ . The theoretical results are compared with a new photoelectron spectrum of HCCO Ϫ obtained at 355 nm ͑4.493 eV͒.
Rotational and vibrational spectroscopies have determined several properties of the ground state. From the submillimeter spectrum of HCCO, Endo et al. 1 were able to determine the geometry of the X 2 AЉ ground state. The anomalous K dependence of the spin-rotational splittings confirmed the presence of the close-lying Renner-Teller component. Ohshima et al. 2 further characterized the HCCO ground state by determining the hyperfine constants of the hydrogen nucleus using Fourier transform microwave spectroscopy. While performing experiments to elucidate the absorption spectroscopy of the C 2 H radical, Jacox and Olson observed a transition at 2020 cm Ϫ1 and attributed it to the HCCO radical. Several other transitions in their spectrum were not identified and may be attributed to the HCCO radical as well. Motivated by this finding, Curl and co-workers 3, 4 confirmed this result in the gas phase via infrared flash kinetic spectroscopy and assigned it to the 2 stretching mode.
The B 2 ⌸ excited state has been studied using photofragment translational spectroscopy and laser-induced fluorescence spectroscopy ͑LIF͒. Osborn et al. 5 investigated the B 2 ⌸←X 2 AЉ transition via photofragment translational spectroscopy and concluded that the excited state is RennerTeller active. Brock et al. 6, 7 have observed the same band via LIF. They were able to further characterize the spin-orbit components of the B 2 ⌸ state and attributed a vibrational hotband of 494 cm Ϫ1 to the 6 CCH bending mode. Finally, Oakes et al. 8 have taken low-resolution anion photoelectron spectra at 2.540 and 2.707 eV. At these energies they were able to observe five vibrational states of the neutral species. However, they were unable to make any spectral assignments. They report the electron affinity to be 2.350 Ϯ0.020 eV. Using this information with other thermodynamic values available in the literature, they are able to compute the heat of formation of the anion and neutral of HCCO.
The anion photoelectron spectrum reported here was taken at a photon energy of 3.493 eV, allowing us to observe many more transitions of the lowest-lying Renner-Teller pair. The resolution of our spectrum is high enough to allow adequate comparison with state of the art theory describing Renner-Teller effect in tetra-atomics.
The HCCO radical was also the topic of various theoretical studies. The geometrical structure of the ground state and of the first excited state was investigated by Goddard, 9 Kim and Shavitt, 10 Nguyen et al., 11 and Szalay et al. 12, 13 The equilibrium structure of the X 2 AЉ ground state was found to be trans-planar bent while a linear structure was predicted for the A 2 AЈ excited state. At linear geometry both states are degenerate, representing the two components of the corresponding 2 ⌸ state. While most theoretical methods predict a trans-planar bent equilibrium structure for the X 2 AЉ state, the explicit values of the geometrical parameters and the barrier to linearity strongly depend on the method of calculation and the AO basis set size. For example, the barrier to linearity shifts from 1302 cm Ϫ1 ͓double zeta plus polarization ͑DZP͔͒ to 643 cm Ϫ1 ͓polarized valence triple zeta ͑PVTZ͔͒ depending on the size of the AO basis set. 12, 13 Theoretical studies about the vibrational structure of HCCO were performed by Szalay et al. 12, 13 and by Schäfer et al.
14 While Szalay et al. computed the vibrational spectra of the HCCO radical employing a harmonic ansatz, Schäfer et al.
14 calculated the lower-lying part of the rovibronic spectrum of HCCO including the Renner-Teller coupling between the two lowest-lying electronic states of HCCO and the anharmonic effects.
The potential energy surface of the HCCO Ϫ anion was investigated by Botschwina and co-workers. 15, 16 In these calculations they found a trans-planar bent X 1 AЈ ground-state equilibrium geometry with rather low barrier height to linearity ͑not exceeding 300 cm Ϫ1 ͒ and also determined the harmonic vibrational spectrum of the HCCO Ϫ anion. A more detailed discussion of the recent works studying the equilibrium geometries and the vibronic structures of both molecules will be given in connection with the new results.
In the present paper, the new experimental results are presented and an assignment of the spectrum is discussed. For the assignment of the spectrum we combine the theoretical data calculated for the neutral molecule and the anion and compute the relative intensities of the spectral bands. For the simulation we use a model which was recently developed to handle the Renner-Teller effect in tetra-atomic species. The article is organized as follows. The experiment and the resulting spectrum are described in Sec. II, while the calculations of equilibrium structures are given in Sec. III. After a brief discussion of the model employed for the simulation of the spectrum ͑Sec. IV͒, the influence of its parameters on the spectrum is analyzed, the spectrum is assigned, and our data are compared with previous results ͑Sec. V͒.
II. EXPERIMENT
The anion photoelectron spectrometer used in the present study has been described in detail previously. 17, 18 In the current work, a mixture of 1% C 2 H 2 , 3% N 2 O, and 6% O 2 in a balance of neon is expanded through a pulsed piezoelectric valve at a backing pressure of 40 psi. The resulting molecular beam passes through a pulsed electric discharge assembly, 19 creating a variety of anions. The flow supersonically expands and passes through a skimmer. The negative ions are extracted perpendicular to their flow direction by a pulsed electric field and injected into a linear reflectron time-of-flight ͑TOF͒ mass spectrometer 20, 21 with a mass resolution m/⌬m of 2000. The ions of interest are selectively photodetached with photons having wavelengths of 355 nm ͑3.493 eV͒. The 355 nm wavelength is obtained by frequency tripling the fundamental of a pulsed Nd:YAG laser. The electron kinetic energy ͑eKE͒ distribution is determined by TOF analysis in a 1 m field-free flight tube. The energy resolution is 8 meV at eKE of 0.65 eV and degrades as (eKE) 3/2 at higher eKE. Figure 1 shows the photoelectron spectrum of HCCO Ϫ taken at 355 nm. The bottom axis of the photoelectron spectrum is reported in electron binding energy, eBE, which is defined as eBEϭhϪeKE. The top axis of the spectrum shows the energy scale in wave numbers with peak A chosen as the reference point. A spectrum taken at a higher detachment wavelength ͑416 nm͒ showed only minor differences and is not included in this paper. The photoelectron differential cross section 22 is given by
͑1͒
The polarization angle, , is the angle between the electric vector of the photon and the axis along which the electrons are detected. The differential cross section is parametrized in terms of the anisotropy parameter, ␤, with Ϫ1р␤р2. The anisotropy parameter for a particular peak is obtained from the relative peak intensities taken at different polarization angles. Peaks with differing values of ␤ generally result from transitions to different neutral electronic states, so this can be used to assign electronic states and to distinguish contributions from overlapping electronic bands. Spectra were taken at polarization angles of 0, 55°, and 90°. All peaks in the spectrum show the same polarization dependence, yielding a ␤ parameter of Ϫ0.18Ϯ0.06.
The features in Fig. 1 are labeled as peaks A to I. The peak located at the lowest electron binding energy, peak A, is the most intense feature in the spectrum. At electron binding energies higher than that of peak I there is a low intensity background extending to the end of the spectrum. This lowintensity unresolved feature also extends toward lower electron binding energies and accounts for the fact that the baseline is not visible on the right-hand side of peak A.
Taking peak A as the transition between ϭ0 levels of the HCCO Ϫ and HCCO ground states yields an electron affinity of 2.338Ϯ0.008 eV, in agreement with the previously obtained result 8 to I represent transitions to excited vibrational levels of HCCO. These features are considerably better resolved than in the previous study by Oakes et al., 8 thereby facilitating a detailed comparison with the theoretical simulations of the photoelectron spectrum described in the following sections.
III. ACCURATE EQUILIBRIUM STRUCTURES AND BARRIERS TO LINEARITY FOR HCCO À AND HCCO
Since the rovibrational or rovibronic structure of a photoelectron spectrum is mainly determined by the changes in the equilibrium geometries of the corresponding N and (NϪ1) electron systems, we have carried out extensive geometry optimizations for HCCO Ϫ and HCCO. The Results of the calculations for trans-HCCO Ϫ are listed in Table I , which also includes data from earlier calculations. 15, 16 The largest basis employed, termed aug-ccpCVQZ, corresponds to the correlation-consistent polarized core-valence quadruple zeta basis of Woon and Dunning, 24 which was augmented by diffuse s, p, d, f , and g functions for carbon and oxygen and by diffuse s, p, d, and f functions for hydrogen. 25 All electrons were correlated in the CCSD͑T͒ calculations with this basis. The smaller basis sets of 161 and 286 cGTOs are the aug-cc-pVTZ and aug-ccpVQZ sets of the Dunning group. The equilibrium bond lengths obtained by CCSD͑T͒/all with the largest basis are expected to be accurate to 0.001 Å; the errors in the equilibrium bond angles should not exceed a few tenths of a degree. Somewhat fortuitously, our older CCSD͑T͒ results 15, 16 are almost identical due to the effects of error compensation. Optimum geometrical parameters for linear HCCO Ϫ and barrier heights to linearity as obtained from five different types of calculations are listed in Table II . Compared to trans-HCCO Ϫ , the C-H and C-C bond lengths are shortened by 0.0110 Å and 0.0226 Å, respectively, while the C-O bond length is elongated by 0.0091 Å ͑CCSD͑T͒/all; 352 cGTOs͒. The calculated barrier height to linearity shows a significant variation with the size of the basis set. Our earlier calculations with the almost complete aug-cc-pVTZ basis, in which all electrons were correlated, yielded barrier heights of 227 and 272 cm Ϫ1 at the CEPA-1 and CCSD͑T͒ level, respectively. Using the full aug-cc-pVTZ basis and correlating only the valence electrons, what one usually should do with this basis, a higher barrier height value of 523 cm Ϫ1 is obtained at the CCSD͑T͒ level. Extension of the basis set to aug-ccpVQZ ͑286 cGTOs͒ reduces the barrier height to linearity to 428 cm Ϫ1 , while inclusion of core-valence and core-core correlation in conjunction with the addition of suitable basis functions ͑aug-cc-pCVQZ͒ leads to a further reduction to 385 cm Ϫ1 , which constitutes our most reliable value. Results for trans-HCCO, the lower component of the Renner-Teller system, and for linear HCCO are given in Tables III and IV . The open-shell coupled-cluster variant employed in this work is termed RHF-UCCSD͑T͒, which indicates that a restricted Hartree-Fock determinant was used as a reference wave function and that the unrestricted coupledcluster formalism was used to describe electron correlation effects ͑see Refs. 26 and 27 for details͒. Our best equilibrium structure estimate for trans-HCCO (X 2 AЉ) was obtained in RHF-UCCSD͑T͒ calculations with the cc-pCVQZ basis ͑282 cGTOs͒ in which all electrons were correlated ͑see the last line of Table III͒ . Similar to the results obtained for HCCO Ϫ , the calculations with the cc-pVTZ basis and all electrons correlated-either at the UHF-CCSD͑T͒ level ͑Ref. 13͒ or at RHF-UCCSD͑T͒ from this work-yield very similar results for the heavy-atom skeleton while the C-H equilibrium bond length is underestimated by almost 0.005 Å.
Our most reliable value for the barrier height to linearity of the radical ͑cf. Table IV͒ is 637 cm Ϫ1 , obtained by RHF-UCCSD͑T͒/all with the basis of 282 cGTOs. Corevalence and core-core correlation make a contribution of Ϫ75 cm Ϫ1 to the barrier height. This contribution is grossly overestimated when the cc-pVTZ basis set is used ͑see the second and third lines of Table IV͒ with the result that, rather fortuitously, the earlier calculations at the UHF-CCSD͑T͒/all level 13 and the present RHF-UCCSD͑T͒/all calculations yield excellent agreement with the best value for the barrier height from this work.
Our best equilibrium structures for HCCO Ϫ and the lower Renner-Teller component of HCCO are graphically displayed in Fig. 2 . Upon electron detachment, the equilibrium bond angles experience changes of less than 5°and the C-H equilibrium bond length remains practically unchanged. The C-C equilibrium bond length (r CC ) is increased by 0.034 Å and r CO is reduced by 0.051 Å. On the whole, the change in equilibrum structures is fairly small so that the adiabatic peak should dominate the photoelectron spectrum and relatively little vibrational excitation should be observable.
IV. DESCRIPTION OF THE THEORETICAL MODEL
An ab initio simulation of the photodetachment spectrum of HCCO Ϫ is difficult due to various reasons. From the experience of our previous work on HCCO, 14 at least six nuclear degrees of freedom, i.e., the two bending vibrations, the torsion, the O-C and the C-C stretching motion, and the rotation around the axis corresponding to the smallest moment of inertia (ϭa axis) and their mutual couplings have to be taken into account. Only the C-H stretching motion can safely be decoupled. Furthermore, since the neutral molecule and its negative ion represent quasilinear molecules, their vibronic structure is strongly influenced by anharmonic effects and large amplitude motions. Finally, the strong vibronic Renner-Teller coupling between the two lowest-lying electronic states of the HCCO has to be taken into account.
These considerations imply that for a rigorous treatment of the rovibrational resolved photodetachment spectrum of HCCO Ϫ , a five-dimensional potential energy surface for the ground state of the anion and for both involved electronic states of the neutral molecule ͑X 2 AЉ, A 2 AЈ͒ would be necessary. These potential energy surfaces had to be computed with very sophisticated theoretical methods, bearing in mind the strong dependency of the potential energy surfaces on the method of calculation. 12, 13 Due to the Renner-Teller effect the X 2 AЉ and the A 2 AЈ state of the neutral molecule had to be coupled and finally the high-dimensional nuclear Schrö-dinger equation had to be solved.
Nevertheless, as we will show in the present paper, an understanding of the spectrum is already possible using a simpler model, developed recently to describe the RennerTeller effect in quasilinear tetra-atomic species.
14,28 The model exploits the fact that the coupling strengths between the various nuclear degrees of freedom differ considerably from each other. The differences arise from the energetical order of the vibrations and/or due to the size of the coupling matrix elements. Consequently, only the four nuclear degrees of freedom, which are involved in the Renner-Teller effect ͑i.e., the two bending modes, the torsion, and the rotation around the a axis͒ are handled explicitly in the model. The coupling of these vibrations with the O-C and C-C stretching vibrations, characterized by appreciably higher vibrational frequencies, is taken into account indirectly by employing the idea developed by Bunker and Landsberg. 29, 30 According to this approach, the leading part of the stretchbend interaction is incorporated into the bending problem via a proper correction of the bending potential. Excitations into vibrationally excited states of the O-C and C-C stretching vibrations of HCCO are anticipated to contribute only to the higher frequency range of the spectrum. Due to the fact that in the observed spectral region only few quanta of these vibrations can be excited, such vibrations can reasonably be treated in the harmonic approximation. The influence of the coupling of these two stretching vibrations on the spectrum is simulated using a onedimensional and a two-dimensional ansatz.
The C-H stretching mode possessing a frequency around 3350 cm Ϫ1 does not significantly couple with other degrees of freedom, and thus was completely decoupled from the rest. Nevertheless, transitions into different states of the C-H mode were taken into consideration.
Using the model discussed above, the total wave function ͑nuclear and electronic part͒ factorizes into
whereby el represents the electronic wave function, CH the wave function for the C-H stretching vibration, OC,CC the wave function for the mutually coupled O-C and C-C stretching vibrations, and b the wave function for the bending modes. The wave function b involves both the bending coordinates ͑ 1 ϭ180°-Є O-C-C, 2 ϭ180°-Є C-C-H͒ and the two rotational coordinates 1 and 2 . 1 describes the angle between the plane given by the O-C-C moiety and a space-fixed plane including the C-C axis, while 2 represents the corresponding angle for the C-C-H fragment. That means that 1 and 2 describe the movement of both terminal atoms around the C-C axis, which is assumed to coincide with the a axis. In the framework of our model, we assume that the projection of the total angular momentum ͑excluding spin͒ onto the a axis is conserved and thus the corresponding quantum number K is a good one. It is composed from the electronic quantum number ⌳ and the quantum number l for the projection of the nuclear angular momentum onto the a axis, 14, 28 Kϭ͉lϩ⌳͉ϭ͉l 1 ϩl 2 ϩ⌳͉, ͑3͒
whereby l 1 and l 2 are the quantum numbers corresponding to the coordinates 1 and 2 and all quantum numbers l 1 , l 2 , and ⌳ are assumed to be signed quantities. For the simulation of the relative intensities I of the photodetachment spectra of HCCO Ϫ the generally accepted Franck-Condon approximation is employed [31] [32] [33] Iϳ͉͗°͉ Ϫ ͉͘
, ͑4͒
i.e., we assume that the electronic part of the transition probability is constant and does not differ substantially for the two considered electronic states of HCCO. In Eq. ͑4͒ the Ϫ and the°superscripts denote the wave functions of the anion and of the neutral system, respectively. For the model described above, the Franck-Condon factor f factorizes as
Within this Franck-Condon approach, for transitions from the negative ion to the neutral molecule the projection of the nuclear angular momentum onto the a axis is conserved throughout the photodetachment process. The corresponding quantum numbers obey l Ϫ ϭl°, which in turn leads to K Ϫ ϭK°Ϯ1 for the K quantum numbers. 34, 35 The FranckCondon factor f b is obtained by calculating the square of the norm of the overlap integral of the bending wave functions b°a nd b Ϫ . These functions, which are provided by calculations of the rovibronic spectra of HCCO Ϫ and HCCO ͑both given below͒, are represented in the same rovibrational basis set. 28 The Franck-Condon factors f CH and f OC,CC are determined, respectively, by means of one-dimensional and twodimensional standard harmonic oscillator wave functions.
In experiments the vibrational temperature of the anion was estimated to be about 200 K. The influence of the temperature on the spectra was simulated under the assumption that the anion energy levels are occupied according to a Boltzmann distribution. The Franck-Condon factors were weighted by the corresponding Boltzmann factors.
Finally, the finite experimental resolution was simulated by broadening the theoretical stick spectrum by means of a Gaussian distribution. The energy dependence of the resolution was taken from Eq. ͑2͒ of Ref. 18 .
The shape of the potential energy surface ͑equilibrium geometry, barrier to linearity͒ of the X 2 AЉ ground state of HCCO, as already mentioned, strongly depends on the method of calculation and the AO basis-set size. Since the computation of all involved potential energy surfaces with an accuracy of a few wave numbers is not feasible, we modeled the shape of the potential energy surface using the previous theoretical results. 10, 13, 14 A scaled potential energy surface Ṽ could be obtained from the previously computed overall potential V given in Fig. 3 To study the influence of the shape of the potential energy surface on the simulated photodetachment spectrum, the scaling factors s 0 , s 1 , and s 2 are chosen in such a way that potential surfaces with various barrier heights and equilibrium geometries can be created. The vibronic energy levels were computed for the various scaled potential energy surfaces employing the method presented previously. This approach seems to be reasonable considering the various assumptions made in our model ͑e.g., the Franck-Condon approximation, and the partial decoupling of the stretching from the bending vibrations͒.
In the present computations of the rovibrational spectrum of HCCO Ϫ , the five-dimensional CEPA-1 surface 15 depending on two bending coordinates ͑ 1 , 2 ͒ and three stretching coordinates ͑r CC , r CH , and r OC ͒ is projected onto a three-dimensional section by relaxing all the stretching coordinates, and by representing the dependence of the potential on the torsional angle ␥ϭ 1 Ϫ 2 by a simple cosine ␥ expression. This approach is very similar to the one we used earlier in our work. 14 The bending vibrational levels for the X 1 AЈ ground state of HCCO Ϫ are also obtained by means of the program package described earlier.
14,28
V. RESULTS AND DISCUSSION
The bending wave functions as well as the term values of the rovibrational spectrum of HCCO Ϫ and the rovibronic spectrum of HCCO are necessary for a computation of the HCCO Ϫ photodetachment spectrum. Hence, some details of the calculated vibronic spectra are given in the following paragraph. The low-lying part of the spectrum and the influence of the bending modes on this region of the spectrum are investigated in the succeeding three paragraphs. An assignment for this spectral range is performed. Then, the stretching modes are added and the remaining part of the spectrum is taken under consideration.
The results for the bending vibrational levels in the ground electronic state of HCCO Ϫ are given in Fig. 3 and Table V . Aside from the reduction of the dimensionality, as mentioned in the previous section, no scaling was applied to the potential energy surface of HCCO Ϫ . The overall structure of this spectrum is typical for a quasilinear tetra-atomic molecule. Due to the fact that the barrier height to linearity is lower for HCCO Ϫ than for the neutral species, and because of different equilibrium geometries of HCCO and its anion ͑Tables I and III͒, the following differences occur in comparison to the rovibronic spectrum of the two lowest-lying states of the neutral molecule ͑Fig. 6 of Ref. 14͒: ͑1͒ The spectrum is shifted towards higher energies if the origin of the energy scale denotes in both cases the energy of the linear geometry. ͑2͒ From the K Ϫ -rotational ladder a value of the rotational constant of (2I) Ϫ1 ϭ99 cm Ϫ1 could be determined which exceeds the corresponding value in the case of HCCO more than three times. ͑3͒ As shown in our earlier paper, 14 basic features of the low-energy range of the spectrum of HCCO can be reflected in the simplified model which represents two uncoupled triatomics, one with linear and the other with bent equilibrium geometry ͑Fig. with respect to the energy of the linear geometry. The first index of the quantity E reflects the K Ϫ quantum number of the energy level; the level number i which is the second index of E indicates the energetical order beginning with the lowest value for the quantum number K. 591 cm Ϫ1 , respectively͒. But, compared with the spectrum of HCCO, the anion spectrum can be understood as an intermediate between the simplified model described above and a simplified model which contains two uncoupled triatomics with linear equilibrium geometry. This is mainly caused by the enlarged rotational constant.
Level number
Further details are given in Ref. 36 . The Boltzmann factors are calculated for the low-energy spectral range with respect to the lowest-lying level by assuming a rovibrational temperature of 200 K. They are given in Table VI. In the following we consider Franck-Condon factors for transitions from initial states which are labeled by E K Ϫ ,1 ͑with K Ϫ ϭ0,1,2͒. Only for these states is the corresponding Boltzmann factor high enough to induce a non-negligible contribution to the spectrum. The second index of the quantity E is called here level number and labels the energetical order beginning with the lowest value for each quantum number K.
In order to enable a comparison between the experimental and the simulated spectrum, the latter is shifted along the energy axis and scaled along the intensity axis in such a way that the maximum of the most intense peak (ϭpeak 0) coincides with the experimental peak A.
For the structure of the photoelectron spectrum the relative location of both equilibrium geometries ͑HCCO and HCCO Ϫ ͒ with respect to each other plays an important role. Regarding the bending coordinates, for HCCO Ϫ the transplanar equilibrium geometry of the CEPA-1 calculation ͑see the first row of Table I͒ with 1 ϭ7.5°and 2 ϭ41.6°is used. Due to small deviations of these coordinates from the values of the most reliable calculation ͑see the fifth row of Table I͒ , the scaling of the geometry is omitted. Additionally, we found that for the anion even an appreciable difference of the barrier height could influence neither the difference of the important term values nor the character of the corresponding bending wave functions. For this reason the potential surface for the anions remains unscaled.
For the neutral species three geometries are considered: Considering the methods of calculation and the size of the AO basis sets, the third geometry is expected to give the best agreement between theory and experiment. In the following we will use the experimental spectrum for a refinement of the equilibrium geometry and of the height of the barrier to linearity of HCCO ͑the corresponding values for HCCO Ϫ are kept fixed͒. As an indicator for the coincidence, we focus on the congruence of the first peak (ϭpeak 1) on the right-hand side of the reference peak in the simulation with the experimental peak B. In Fig. 4 the Gaussian-broadened stick spectrum for a fixed barrier height of 981 cm Ϫ1 ͑HCCO͒ is given for each of the three HCCO equilibrium geometries and compared with the experimental result. The intensity of peak 1 varies strongly with both bending coordinates. The more linear the equilibrium geometry, the smaller the intensity of peak 1. The best agreement with experimental intensity is obtained for the most linear geometry of HCCO ͑third geometry͒. Considering the location of that peak, only a change of the coordinate 2 seems to be important and the second geometry fits better. For most of the other peaks displayed in Fig. 4 the statements given above remain valid. As expected, the geometry influences the intensity as well as the location of the peaks. The shift of the peak location is caused by the dependence of the HCCO term values and of the intensity contribution of transitions into the corresponding states from the equilibrium geometry. On the one hand, the shift of the peak location is caused by the dependence of the HCCO term values from the equilibrium geometry. On the other hand, changes of the intensity contribution of the various transitions belonging to one peak also influence the location of the maximum of the whole peak.
As seen before, 14 the height of the barrier to linearity also has a considerable impact on the spectrum. In order to investigate this effect, the barrier height is varied for fixed equilibrium geometry ͑the most linear geometry of HCCO FIG. 4 . Gaussian-broadened stick spectra for the fixed barrier height of 981 cm Ϫ1 and various equilibrium geometries of HCCO are compared with experimental results. The used equilbrium structures of HCCO are given in Table III.   TABLE VI was chosen͒. In Fig. 5 the calculated Gaussian-broadened spectrum with barrier heights of 643 and 981 cm Ϫ1 are compared with the experimental result. Regarding the three lowenergy peaks of the calculated spectrum, the barrier height has no influence on the intensity but it influences the location of the peak. In this case, a higher barrier height is responsible for higher force constants and consequently for a higher HCCO term value of the main contributor ͑see below͒ to the corresponding peak. For the simulation using a barrier height of 981 cm Ϫ1 we obtain a good coincidence with the experimental peak C, whereas peak BЈ fits better in the simulation using a barrier height of 643 cm
Ϫ1
. It is hard to decide which barrier height simulation is more congruent to the experiment. Due to the theoretical results summarized in Tables III   and IV , which prefer uniquely a barrier height around 640 cm Ϫ1 as a reliable value, and because of the expected peak around 1250 cm Ϫ1 corresponding to the lowest-lying stretching fundamental ͑see Table VII͒ and to the peak C, from now on we only consider the third geometry and a barrier height of 643 cm Ϫ1 for HCCO. Now, we will discuss the assignment which we obtain from the consideration of the bending part ͑Table VIII͒. The corresponding stick and Gaussian broadened spectra are presented in Fig. 6 . In order to distinguish between theoretical and experimental peaks we introduce for the bending part of the theoretical spectrum a peak labeling bϭ0,1, . . . ͑in contrast to the labeling with uppercase letters for the experimental peaks͒ in energetical order. The main contributions for the eight lowest-lying peaks of the theoretical spectrum are considered in detail. Peak 0 represents a combination of five transitions between the lowest levels for different K quantum numbers. Peak 1 is made up of contributions arising from three transitions: Two of them lead from the lowest state for the quantum number K Ϫ ϭ0 to second and third level for the quantum number K°ϭ1, respectively, the third transition correlates to the latter of the both, whereas the corresponding K quantum numbers are augmented by one. Peak 1 matches to the experimental peak B because both location and intensity are in good agreement. Peaks 2 and 3 are dominated by one transition from the lowest state for the quantum number K Ϫ ϭ1 to the seventh and tenth energy level, respectively, for the quantum number K°ϭ0. Peak 2 shows a good coincidence in location with peak BЈ in the experimental spectrum but the corresponding intensity is too high in the simulation. For peak 3 no experimental counterpart could be found.
For the peaks 4 to 6, the number of appreciable contributors increases, whereas the intensity of the individual transitions decreases. Peaks four and five reflect the foothills on the high-energy side of the experimental peak C, and the peaks 6 and 7 contribute to the experimental peaks labeled as D and E. On the higher-energy side of peak 7, a few lowintensity features occur which will be called, from now on, the bending background. For all stretching coordinates the Franck-Condon factors have been determined in a one-dimensional approach in order to simplify an assignment. In this case force constants for r OC and r CC have been readjusted to get the right frequency. For different calculations, the factors are summarized in Table VII. Concerning the 1°p rogression, corresponding to the C-H stretching vibration, only the ( 1 Ϫ ϭ0)→( 1°ϭ 0) transition has a nonvanishing intensity. Therefore, all the transitions with non-negligible contributions are characterized with 1°ϭ 0 for HCCO state. Thus, this quantum number is irrelevant for further considerations. The situation is different for the 2 and 3 quantum numbers corresponding to the out-of-phase and in-phase combination of the O-C and C-C stretching vibrations, respectively. The equilibrium distances of the anion compared with the neutral counterpart ͑Tables I and III͒ change so much that at least the ( i Ϫ ϭ0)→( i°ϭ 1) transitions (iϭ2,3) get significant intensities.
Two-dimensional Franck-Condon factors with respect to the r OC and r CC coordinates have also been calculated. 37 In Table IX the two-dimensional data are compared with the one-dimensional approximation ͑by means of the relation f OC,CC ϭ f OC • f CC for the one-dimensional case͒, which leads to the conclusion that there is a considerable difference between the one-and two-dimensional treatments of the coordinates r OC and r CC . The calculations show that the FranckCondon factors corresponding to transitions characterized by ( 2°ϭ 0, 3°Ͼ 0) decrease appreciably, while the factors corresponding to transitions characterized by ( 2°Ͼ 0, 3°ϭ 0) increase slightly if the two-dimensional model is applied. Now, we consider the influence of the stretching vibrations. For a short and concise assignment we introduce the triples ( 2°, 3°; b) consisting of the stretching quantum numbers 2°a nd 3°a nd the labeling of the bending peaks b. In Fig. 7 the stretching modes are uncoupled ͑one-dimensional͒,
FIG. 6. For a barrier height of 643 cm
Ϫ1 and the third geometry the simulated stick spectrum and the corresponding Gaussian-broadened spectrum are displayed along the low-energy range. Also the experimental spectrum is given in order to facilitate the assignment. whereas in Fig. 8 O-C and C-C stretching coordinates are treated in the two-dimensional model. At first glance, the difference between the one and two-dimensional treatment, which is clearly reflected in Table IX , is concealed in the spectrum. But, in the case of a proper consideration it could be recognized again. In Fig. 7 an additional peak ͑labeled by the number 3Ј͒ occurs. This is due to the non-negligible Franck-Condon factors for the transition to the ͑0,1;0͒ state in the lower-dimensional model. For the same reason a further peak arises at 3348 cm Ϫ1 and is labeled by the number 12Ј. It is assigned to the ͑1,1;0͒ state. As a secondary effect the intensity of the peaks 6 and 16 increases because of an additional contribution of the ͑0,1;1͒ and ͑1,1;1͒ state, respectively. Now, the simulated spectrum which includes the twodimensional model for the stretching vibrations ͑i.e., Fig. 8͒ , is taken under consideration. The corresponding data are summarized in Table X . Since there is no contribution to the stretching vibration up to 1800 cm Ϫ1 in this range no significant changes occur, as compared to Fig. 6 . The peaks 6 and 7 in the latter figure are now represented by a superposition of the transitions into the states ͑0,0;6͒ and ͑0,0;7͒ with the transition into the state ͑1,0,0͒. The simulation overestimates the height of the experimental peak E by about a factor of 1.4. The following peaks up to 4200 cm Ϫ1 represent a bending progression with origin at the ͑1,0;0͒ state superimposed on the bending background. So, peak 9 can be assigned to a combination of the transitions to the state ͑1,0;1͒ ͑bending progression͒ and the transition to the background state ͑0,0;9͒. Peak F can be regarded as the experimental counterpart. Both location and intensity are in good agreement. For the experimental peak G there hardly exists a theoretical correspondent. The simulation only offers the background state ͑0,0;10͒ ͑i.e., peak 10͒ with a very weak intensity. Under the following irregular structure up to peak H in the experimental spectrum, the peaks 11 to 15 can be found in the calculated spectrum. These peaks mainly represent the progression ͑1,0;2͒ up to ͑1,0;5͒. Only the peaks 11 and 12 are superimposed on the corresponding and more and more decreasing background bending states. The peaks 13 and 14 reflect the better resolution due to the corresponding energy range. Both belong to the same combination tone ͑1,0;4͒, but the resolution allows a splitting of the contributing components into the peaks 13 and 14. Peak 16 can be assigned to the state ͑1,0;6͒. The peak height is about a third of the value which was reached by the corresponding experimental peak H. For the peaks 17 and 18 the same is valid as for the peaks 13 and 14. Both can be assigned to the ͑2,0;0͒ state, which represents the origin of a following bending progression. Additionally, the state ͑1,0;7͒ contributes to peak 18. The experimental counterpart is peak I. Its peak height is overestimated by the simulation by 75%.
The intensity of the experimental peaks BЈ, E, and I is significantly overestimated by the simulation. On the other side, underestimations occur with respect to the peaks D, G, and H. For a better reproduction of the experimental result, it is necessary to couple the bending and the stretching modes. This may enable an intensity transfer from peak 7 to peak 6. Since the peaks 6 and 16 have the same bending labeling (bϭ6), an intensity transfer would also be found for peak 16 . In order to explain the lost intensity of peak G, one should remember that the lack of congruence of peak B and peak 1 propagates to the progression shifted by 2°. The assigned simulated peak ͑i.e., peak 10͒ stems from a background bending transition ͑0,0;10͒ and provides no explanation for this discrepancy. A consideration of the dependence of the spectral shape from the temperature shows, that there occur competing mechanisms. For example, a rising temperature causes a lowering of peak 1 ͑the height of peak 0 is set to unity͒. On the other hand the second level for the K Ϫ quantum number of HCCO Ϫ has to be taken into account and compensates the former. For this reason the regarded spectra are not sensitive to changes of the temperature at a magnitude of 50 K.
VI. CONCLUSION
In this paper we present the photoelectron spectrum of HCCO Ϫ at the photodetachment wavelength of 355 nm and its theoretical simulation. Most of the experimental peaks could be assigned to transitions into vibrational states of HCCO. Investigations of the low-energy range of the spectrum lead to a confinement of the deviation for the barrier height and equilibrium geometry of HCCO. Our analysis of the peak heights indicates that the structures of HCCO Ϫ and HCCO corresponding to the bending coordinates are closer to each other than suggested by the calculations which represent the basis for this work. By means of the location of the peaks, the barrier height of HCCO can be restricted to a value between 700 and 900 cm
Ϫ1
. Considerations of the part of the spectrum which is dominated by the stretching vibrations show that there is a good agreement in the peak location, whereas the corresponding Franck-Condon factors seem to be too high for 2 and too low for 3 . In a few domains of the spectrum, the simulation of the intensity profile underestimates the experimental result, which may be caused by the neglected couplings between bending and stretching motion. However, the spectrum could be assigned and this leads to an understanding of the photodetachment spectrum of HCCO Ϫ . 
